MicroRNA-212 (mir-212) has been reported to regulate neuronal development and functioning. However, its expression and function in glia are not yet known. Here, we demonstrate that the level of microRNA-212 (mir-212) was reduced in spinal cord lesion site at 1 week and 1 month after a contusive spinal cord injury. In addition to its expression in neurons, mir-212 expression was detected in oligodendrocytes (OLGs) and glial progenitor cells (GPCs) in adult CNS. The addition of antagomir-212 to reduce mir-212 expression enabled to improve the cell process outgrowth of OLGs along with the up-regulation of the genes associated with OLG differentiation and maturation, including OLIG1, SOX10, myelin basic protein (MBP), and proteolipid protein 1 (PLP1). In contrast, these genes were significantly down-regulated by an increased expression of mir-212 in GPCs or in OLG progenitor cells (OPCs) through lentivirus-mediated gene delivery approach. Moreover, we found that PLP1 was the direct target molecule of mir-212.
multiple sclerosis and leukodystrophies), but also with traumatic and chronic CNS neurodegenerative disorders, such as white matter injury, spinal cord injury (SCI), and stroke (Totoiu and Keirstead 2005; Love 2006; Milo and Kahana 2010) .
MicroRNAs (miRNAs) are endogenous, small non-coding RNAs (20~22 nt) that have been identified as a class of gene regulators at the post-transcriptional level (Bartel 2004; Filipowicz et al. 2008) . These small molecules are incorporated into the RNA-induced silencing complex, and bind to their target mRNAs at the seed sequence in 3 0 -UTR to silence gene translation by mRNA degradation, translational repression, and/or miRNA-mediated mRNA decay (Filipowicz et al. 2008) . Seventy per cent of all miRNAs are detected at a high expression level in the brain, and have been reported to participate in neural development (Fineberg et al. 2009 ). Severe myelinating deficits have been observed along with an expansion of OPCs in mice with the disruption of miRNA biogenesis by Dicer ablation (Zhao et al. 2010) . These findings point to miRNAs as important regulators for OLG differentiation and myelination.
Previous studies have shown that mir-212 can interact with the methyl CpG binding protein 2 that controls brainderived neurotrophic factor (BDNF) in the brain (Im et al. 2010) . Alternatively, BDNF induces mir-212 via MSK1/ CREB signaling in cortical neurons (Remenyi et al. 2010) . Mir-212 controls neuronal survival via targeting the AKT signaling pathway, which is inhibited in the human Alzheimer's disease brain (Wong et al. 2013) . Recent studies show that mir-132/212 regulates synaptic transmission and plasticity in the hippocampus and neocortex (Remenyi et al. 2013) . Besides, the down-regulation of mir-212 has been observed in the brain of a Parkinson's disease model induced by a-synuclein (A30P)-transgenic technology (Gillardon et al. 2008) , in the prefrontal cortex in patients with schizophrenia/bipolar disorders (Kim et al. 2010) , or in the temporal cortex of patients with Alzheimer's disease (Wang et al. 2011b) . Accordingly, mir-212 function may be also associated with CNS neuropathogenesis. Nevertheless, up to date, no evidence demonstrates the expression of function of mir-212 in GPCs and OLGs.
In this study, through microRNA in situ hybridization combined with immunohistochemistry, we show that mir-212 expression was largely detected in neurons and OLGs, as well as in NG2 + GPCs in adult CNS. Interestingly, mir-212 expression was down-regulated in OLGs of the injured spinal cord after a contusive injury. Accordingly, we hypothesized that mir-212 function might be involved in the progress of OLG lineage. Through a series of experiments using in vitro GPC/OPC cultures, hippocampal neuron-GPC co-cultures, and ex vivo brain slices, we demonstrate that mir-212 downregulated the expression of the important molecules [i.e. OLIG1, OLIG2, CNPase, myelin basic protein (MBP), and proteolipid protein (PLP)] related to OLG maturation, and suppressed OLG maturation. were purchased from Invitrogen, Carlsbad, CA, USA. Fetal bovine serum and horse serum (HS) were obtained from HyClone Laboratories. Sodium ampicillin, diethylpyrocarbonate, protease K, chromogen 3,3 0 diaminobenzidine tetrahydrochloride, poly-D-lysine (PDL), sodium pyruvate, bovine serum albumin, apotransferrin, insulin, sodium selenite, biotin, hydrocortisone, triiodothyronine (T3), N-acetyl-cysteine, and cytosine arabinoside were obtained from Sigma. Fibroblast growth factor-2, epidermal growth factor (EGF), and platelet derived growth factor-AA (PDGF-AA) and ciliary neurotrophic factor were obtained from ProSpec (Israel). The antibodies used in this study are listed in Table S1 .
Materials and methods

Materials
Animal studies
Female adult Sprague-Dawley (SD) rats (RRID: RGD_10395233; n = 28; 250 g AE 30 g; BioLASCO Taiwan Corporation, Taipei, Taiwan) were used for experiments shown in Table S2 . The animals were not randomized. The surgical procedures on SCI rats were performed using the New York University (NYU) weight-drop device following a previously described protocol (Wang et al. 2011a) . A 10-g rod was dropped onto the laminectomized cord at T9/T10 vertebrae level from a height of 12.5 or 50 mm to induce mild or severe SCI, respectively. Bladder evacuation for severe SCI was carried out on a daily basis. Sodium ampicillin at a dose of 80 mg/kg was injected for 1 week after surgery. The sham group was only received surgery for laminectomy. Animal surgery and care were provided in accordance with the Laboratory Animal Welfare Act and NIH Guide for the care and use of laboratory animals, and were approved by the Institutional Animal Care and Use Committee of National Cheng Kung University, Tainan, Taiwan.
In situ hybridization and immunohistochemistry All the reagents and surgical tools were treated with 0.1% diethylpyrocarbonate. Brain and spinal cords were removed from adult SD rats after perfusion by saline and 4% paraformaldehyde (PFA). The tissues were embedded in Tissue Tek OCT and then were cryosectioned at 10 lm thickness. In situ hybridization of mir-212 was performed using an in situ hybridization kit (Biochain Ins, Newark, NJ, USA) and following a previously described procedure (Wang et al. 2015) . Digoxin-labeled mir-212 probes (TGGCCGTG ACTGGAGACTGTTA; 1 : 1000; Exiqon, Denmark) and scramble probes (GTGTAACACG TCTATACGCCCA; 1 : 1000; Exiqon) were used. After the completion of miRNA in situ hybridization, immunohistochemical analysis to identify mir-212 expressing cell types in the brain and spinal cord was conducted using anti-NeuN, anti-GFAP, anti-Iba1, anti-CC1, and anti-NG2 antibodies overnight at 4°C followed by adding biotinylated secondary antibodies (Table S2 ). The staining was visualized using a Vectastain ABC kit and 3,3 0 -diaminobenzidine tetrahydrochloride, and the stained sections were observed and photographed under a microscope. The staining was visualized and photographed under a microscope equipped with a CCD camera.
Quantification of mir-212 expressing neural cells
To quantify the neural cells with mir-212 expression in the cortex (plus corpus callosum) and spinal cord (n = 3 rats), five images were selected from a specified tissue region and examined under a 20X objective lens. The immunostained cells with and without mir-212 expression were counted through NIH ImageJ analysis software (National Institute of Health, Bethesda, MD, USA). The results were presented as the percentage of the immunostained cells with mir-212 expression in each section normalized by the total immunostained cells.
Cell culture
Rat glial progenitor cells (GPCs) GPCs (Invitrogen) were seeded onto poly-L-ornithine-coated T-75 tissue culture flasks, and maintained in the growth medium (GM) consisting of KnockOut ™ DMEM/F-12 with GlutaMAX ™ -I Supplement, and StemPro â NSC SFM Supplement, 10 ng/mL fibroblast growth factor-2, 10 ng/mL EGF, and 10 ng/mL PDGF-AA. To induce the differentiation of GPCs into OLGs, the cultures were maintained for 2-4 days in OLG differentiation medium (DM) containing all the components described above, except for the three indicated growth factors. GPCs gave rise to astrocytes in DMEM/F-12 medium containing 2% fetal bovine serum.
Rat oligodendrocyte progenitor cells (OPCs)
OPCs were prepared following the modified method from previously described protocol (Fancy et al. 2012) . Briefly, cortical tissues from SD rat embryos at 14.5 days were dissected and passed through a 40-lm pore filter. The cells were replated onto the Petri dishes without PDL coating, and cultured for 5-7 days in oligoshpere medium consisting of DMEM/F12 medium, 2% B27, 1% N2 supplement, 10 ng/mL FGF2, 10 ng/mL EGF, and 10 ng/mL PDGF-AA. After oligospheres formed, OPCs were dissociated and plated onto PDL-coated dishes in DMEM/F12 medium containing 2% B27 supplement, 10 ng/mL FGF2, and 10 ng/mL PDGF-AA. The cells were maintained for 5 days in OLG differentiation medium (DM) composed of DMEM medium, 4 mM L-glutamine, 1 mM sodium pyruvate, 0.1% bovine serum albumin, 50 lg/mL apotransferrin, 5 lg/mL insulin, 30 nM sodium selenite, 10 nM biotin, 10 nM hydrocortisone, 15 nM T3, 10 ng/mL ciliary neurotrophic factor, and 5 mg/mL N-acetyl-cysteine.
Rat hippocampal neurons
Hippocampal tissues were isolated from newborn SD rat pups, and digested by 0.25% trypsin solution containing DNase at 37°C for 30 min. The hippocampal cells were seeded on PDL-coated coverslips (1 9 10 4 cells/coverslip) in Neurobasal medium with 2% B27, 0.25% GlutaMAX ™ and 10% HS. At 1 h later, the medium was replaced by Neurobasal medium with 2% B27 and 0.25% GlutaMAX ™ . Cytosine arabinoside (1 mM) was added to the culture at 4 day to inhibit glia cell proliferation.
Quantitative PCR Total RNA were isolated from spinal cord tissues (5 mm in thickness) or the desired cells. To generate cDNA for the measurement of mir-212 levels, total RNA at the amount of 100 ng/sample was reacted with a TaqMan reverse transcription kit (Applied Biosystems, Foster City, CA, USA). Quantitative PCR (QPCR) was carried out to examine mir-212 expression, using mir-212 specific primers (Applied Biosystems). The expression level of U6 was used as the internal control. Alternatively, to produce cDNA for the analysis of other indicated gene expression, total RNA (1 lg/sample) was reacted with M-MLV reverse transcriptase (Invitrogen), followed by incubation with SYBR Green reagents (Roche Molecular Biochemicals, Indianapolis, IN, USA) and specific primers (Table S3 ). The expression level of GAPDH was used as the internal control. StepOne Software v2.1 (Applied Biosystems) was used to determine the cycle-threshold (Ct) fluorescence values. The relative level of mir-212 to U6 was presented using 2
ÀDCT
, where DCT = (Ct mir-212 -Ct U6 ). The relative expression level of other indicated genes to internal control was presented using 2
, where DCT = (Ct target -Ct GAPDH ).
Lentivirus-mediated over-expression of mir-212
The recombinant lentivirus particles contain lentiviral vector constructs with scramble or pre-mir-212 and red fluorescent protein (RFP) coding sequences driven by EF1a promoters (Biosettia, San Diego, CA, USA). The lentivirus vector constructs used for this study are as follows: lenti-EF1a-[scramble]-RFP-puromycin (lentictrl), lenti-EF1a-[hsa-pre-mir-212]-RFP-puromycin (lenti-mir-212). GPCs or OPCs were infected with lenti-ctrl, or mir-212 (300 lL per 1 9 10 6 cells) in the growth medium for 24 h, and cultured in the fresh medium for another 48 h. The cells successfully infected with the lentiviral particles were selected for 48 h using 1 lg/mL puromycin. The efficiency of the lentiviral particles producing mir-212 in the transduced cells was confirmed by miRNA QPCR.
Delivery of Antagomir-212
The delivery of control antagomir and antagomir-212 was performed with the siPORT ™ NeoFX ™ transfection agent (Invitrogen) following the guidelines provided by the vendor. Before the transfection, 10 nM of antagomir-212 and/or Cy3-conjugated negative control were pre-mixed with the transfection agent in Opti-MEM for 10 min.
Assessments of in vitro co-culture of GPCs and neurons After hippocampal neurons were cultured for 7 days, GPC transfectants (ctrl or mir-212) at the density of 1 9 10 4 cells per coverslip were added into hippocampal culture, and then maintained for 7 days in Neurobasal medium with 2% B27, 0.25% Gluta-MAX ™ , and T3 (30 ng/mL). The hippocampal neuron-OLG cocultures were subjected to double immunofluorescence for NF-200 and MBP. The immunofluorescent intensity of MBP that overlapped with a NF-200 + -neuronal fiber with immunoreactivity to NF-200 was quantified using NIH ImageJ analysis software. Five images were taken from each culture. The experiments were repeated three times. Total 20-30 OLGs over neuronal fibers were examined. Alternatively, to further verify the overlap of MBP + -OLG process with NF200-immunostained fiber, the cultures were subjected to confocal imaging analysis for acquisition of a z-stack reconstructed from seven sequential images at 1-lm intervals. Two-dimensional images including xz and yz views were obtained from the same zstack to identify the overlapping regions with MBP-and NF200 immunostaining.
Cerebellar slice culture
The ex vivo cerebellar slice culture was performed and modified according to the previous study (Lee et al. 2015) . Briefly, the sagittal cerebellar slices of rats at postnatal day 7 were dissected at the thickness of 350 lm using a Microslicer ™ DTK-1000 vibratory tissue slicer. The tissue slices were then plated on Millicell-CM culture inserts (Millipore Corporation, Bedford, MA, USA, 0.4 lm) and maintained on the surface of the slice culture medium (50% MEM with Earle's salts, 35% Earle's balanced salt solution, 15% heat-inactivated horse serum, 1% GlutaMAX ™ ) at 37°C for 9 days. GPC transfectants (ctrl or mir-212) were seeded onto 1 9 10 5 cells/ slice at Day 2. The tissue slices were then fixed with 4% PFA and permeabilized by 0.3% Triton X-100 in phosphate-buffered saline (PBS), followed by immunofluorescence for MBP and NF200.
Immunofluorescence After harvest, the cells were fixed with 4% PFA for 10 min, and incubated in PBS containing 0.1% Triton X-100 for 30 min. The cultures were incubated overnight at 4°C with primary antibodies (Table S2) in PBS containing 0.5% HS. For GalC (GC) detection, after PFA fixation, the cells were incubated in PBS containing anti-GC antibody and 0.5% HS at 4°C overnight. Alternatively, to carry out double immunofluorescence for NF200 and MBP, the cultures were incubated overnight with anti-NF200 at 4°C, and then with anti-MBP antibody at 25°C for 3 h. After reaction with the primary antibodies, appropriate secondary antibodies and FITC-avidin were added to the cultures at 25°C for 1 h and for 45 min, respectively. The immunostained cells were visualized under a Nikon E800 epifluorescence microscope equipped with a CCD camera and Olympus FluoView FV1000 laser scanning confocal microscope (Tokyo, Japan).
Evaluation of OLG differentiation
In addition to the morphological observations of OLG differentiation from GPCs or OPCs, OLG maturation was evaluated using NIH ImageJ analysis software to quantify the cell body size, total process length, and total process number per OLG, as well as total branching number per OLG process. Moreover, OLGs with MBP immunostaining and the MBP intensity in OLGs were measured. The data were collected from five randomly sampled images (5-10 cells/image) that were captured from each immunostained culture using an epifluorescence microscope with a 209 objective lens. The experiments were repeated three times, and 80-120 cells in total per group were counted. For the measurements of MBP + -OLGs and MBP intensity, the results are presented as the percentage of the data obtained in the culture with mir-212 over-expression over those gained from the control culture.
Western blotting analysis
GPCs were replated at the density of 1 9 10 6 cells/60-mm Petri dish for the various experiments. After harvest, total proteins were extracted from the cultures using lysis buffer containing 1% NP-40, 1% Triton X-100 and 0.1% SDS. Total protein (100 lg) was loaded onto 10% SDS polyacrylamide gel. After electrophoresis, the protein was transferred to a nitrocellulose membrane. The membrane was immunoblotted overnight at 4°C with primary antibody (Table S1 ). The immunoblotted membrane was incubated with a secondary antibody conjugated with peroxidase for 60 min at 25°C. The signal was detected by chemiluminescence using the ECL-Plus detection system (PerkinElmer Life Sciences, Waltham, MA, USA).
The 3 0 -UTR luciferase reporter assay procedure was carried out using a previously described method (Wang et al. 2015) . 3 0 -UTR containing the mir-212 seed sequence of ID2 (NM_013060), OLIG1 (NM_021770), MBP (NM_017026), SOX10 (NM_019193), or PLP1 (NM_030990) was isolated from GPCs, and amplified by PCR using its specific primer (Table S3 ). The PCR product was subcloned into pIS2 vector with a luciferase reporter gene (Bartel Laboratory) . The pIS2 vectors containing target 3 0 -UTR sequences and pIS0 (internal control) were transfected into U373 cells that expressed a low level of mir-212 using Lipofectamine 2000 reagent, following the manufacturer's protocol. Luciferase enzymatic activity was measured using the Dual-Luciferase Reporter Assay kit (Promega, Madison, WI, USA) with a programmed luminometer.
Statistical analysis
Spinal cord injury was conducted by an experimenter blinded to the experiments for biochemical analysis. The sample size of the spinal cord tissues for QPCR analysis was followed by our previous study (Wang et al. 2015) . In addition, the results from in vitro studies were obtained from at least three repeated experiments. Although the formal power calculation was not used, the statistical significance of the differences between the two groups of data was analyzed using ANOVA followed by a two-tailed unpaired Student's t-test. Data are expressed as means AE SEM. In all comparisons, differences are considered statistically significant at p < 0.05.
Results
Mir-212 expression in the oligodendrocytes and glial progenitor cells Using miRNA in situ hybridization combined with immunohistochemistry, we found that mir-212 expressing cells in the cortex of adult rat brain were mainly NeuN + -neurons (Fig. 1a, arrows) . Most GFAP + -astrocytes and Iba1 + -microglia in the cortex did not express mir-212 (Fig. 1a , arrowheads). Moreover, very sparse co-localization of mir-212 with GFAP or Iba1 was observed in the corpus callosum (Fig. 1b) . In addition, mir-212 expression in the corpus callosum was detectable in the cells with a OLG marker, CC1 (Fig. 1b, arrows) . The quantification of mir-212 expressing cells in the region containing cortex and corpus callosum indicated that the main mir-212 expressing cell population was NeuN + -neurons in the cortex, and CC1 + -OLGs in the corpus callosum (Fig. 1c) . Notably, NG2 + -glial progenitors at the subventriclar zone were also mir-212 expressing cells (Fig. 1d, arrows) .
Consistent with the observations of the brain tissue, examination of mir-212 expressing cells in adult rat spinal cord revealed that the majority were NeuN + -neurons in the gray matter regions, including the dorsal horn (Fig. 2a , arrows) and the ventral horn (Fig. 2b, arrows) . Mir-212 was also detectable in many CC1 + -OLGs in the white matter of the spinal cord (Fig. 2c, arrows) . In contrast, there was limited mir-212 expression in GFAP + -astrocytes or Iba1 + -microglia (Fig. 2a-c, arrowheads) . The quantification of the neural cells with mir-212 expression in brain and spinal cord indicated that over 90% of neurons and 60% of OLGs exhibited mir-212 expression (Figs 1d and 2d) . Although mir-212 was predominately expressed in neurons, the findings as stated above demonstrate that mir-212 was also expressed in NG2 + -GPCs, and OLGs with a detectable level.
SCI-induced decline in mir-212 expression at the injured areas Using a rat contusive injury model to induce mild or severe SCI, we found that the levels of mir-212 were significantly decreased at 1 week and 1 month post-SCI in the lesion center, as well as in the injured spinal cords tissues rostral and caudal to the epicenter (Fig. 3a) . This decline in mir-212 expression was also detected in injured spinal cord tissues at 1 month after mild and severe SCI (Fig. 3a) . Because of a massive amount of neuronal death occurring after SCI (Bareyre and Schwab 2003) , the lower levels of mir-212 detected at the lesion sites might be partly because of the loss of neurons. Furthermore, through miRNA in situ hybridization and immunohistochemistry, we found that low mir-212 expression was observed in CC1 + -OLGs adjacent to the epicenter at 1 week after SCI when compared to that seen in OLGs of the sham-operated group (Fig. 3b, arrows ). Yet, NG2 + -glial progenitors, displayed a similar level of mir-212 expression in both injured spinal tissues and sham-operated spinal cord sections (Fig. 3c, arrows) . To determine if mir-212 expression in OLGs can be regulated by cytokines detected in the injured spinal cord (Streit et al. 1998) , we conducted in vitro experiments by the addition of inflammagen (LPS) or proinflammatory cytokines [TNFa, ] to OLGs that were generated by GPCs in DM. We found that mir-212 expression was significantly down-regulated by IFNc (Fig. 3d) . In conjunction with the findings that IFNc mRNA expression in the lesion center was significantly up-regulated at 3 day and 1 week post-SCI compared to that detected in the sham-operated group (Fig. 3e) , the results suggest that mir-212 expression in OLGs was regulated in part by IFNc released after SCI.
Regulation of OLG maturation by altered expression of mir-212
We were next to use GPCs which were maintained in DM for 4 days to generate OLGs, and found that mir-212 expression level declined when compared to that measured in the culture maintained in GM (Fig. S1 ). Accordingly, we asked if the down-regulation of mir-212 in OLGs by treatment with antagomir-212 affected the cell fate of OLGs (Fig. 4a) . The high efficiency of antagomir-212 for the inhibition of mir-212 expression was validated in GPCs cultures (Fig. S2) . Moreover, the cell viability of OLGs generated from GPCs in DM for 4 days was not affected by the reduction of mir-212 expression (Fig. 4a) . However, the process complexity of OLGs with 2 0 ,3 0 -cyclic-nucleotide 3 0 -phosphodiesterase (CNPase) immunostaining was increased after mir-212 down-regulation by the addition of antagomir-212 (Fig. 4b,  arrows) . Moreover, through MBP and GC staining, we observed that OLGs displayed an enlarged cell sheath after treatment with antagomir-212 (Fig. 4c, arrows) . Altogether, these results suggest that the down-regulation of mir-212 in OLGs could promote the process extension of OLGs in the injured spinal cord. Mir-212 inhibits OLG gene expression in GPCs and OLGs OLIG1 and OLIG2 are the key transcription factors to determine the generation of myelinating OLGs from progenitors (Zhou et al. 2000) . Moreover, SOX10 is required for terminal differentiation of the OLG lineage (Stolt et al. 2002) . MBP and PLP are the useful markers to evaluate OLG maturation. To determine if mir-212 regulates the differentiation of GPCs into OLGs, GPCs were transduced by lentivirus particles carrying scramble (control GPCs) or mir-212 (mir-212 GPCs). These GPC cultures were maintained in the medium containing GM. In addition, control GPCs were treated by antagomir-212 in GM (Fig. 5a ). As shown in Fig. 5b , no significant change in the expression of OLIG1, OLIG2, SOX10, and MBP was found in control GPCs and mir-212 GPCs. However, the expression of PLP gene (PLP1) was significantly down-regulated in mir-212 GPCs (Fig. 5b) .
Alternatively, as indicated in Fig. 5a , control GPCs and mir-212 GPCs were cultured in DM for 4 days in the presence or absence of control antagomir or antagomir-212. We found that OLIG1, SOX10, MBP, and PLP1 were up-regulated when compared to those detected in the control cultures (Fig. 5b) . In contrast, when mir-212 GPCs were cultured in DM for 4 days, all of the five genes (i.e., OLIG1, OLIG2, SOX10, MBP, and PLP1) were significantly down-regulated compared to that analyzed in the control culture ( Fig. 5b ; one-way ANOVA: OLIG1, F = 29.46, p < 0.001; OLIG2, F = 16.2, p < 0.001; SOX10, F = 11.04, p = 0.002; MBP, F = 60.17, p < 0.001; PLP1, F = 35.51, p < 0.001). Through the miRNA database (microRNA.org), we found that the 3 0 -UTR sequences of PLP1 contain potential complementary sites to the base pair with mir-212 (Fig. 5c) . Therefore, we constructed the plasmid encoding the 3 0 -UTR of PLP1 and the luciferase reporter gene, and conducted the 3 0 -UTR luciferase reporter assay in the U373 glioma cell line infected with lenti-ctrl (control) or lenti-mir-212. The results showed that the enzymatic activity of luciferase containing the 3 0 -UTR fragment of PLP1 was lower in the cells infected with lenti-mir-212 compared to that detected in the control cells (Fig. 5c) , demonstrating that mir-212 can directly target the 3 0 -UTR sequences of PLP1 to repress PLP expression. However, mir-212 did not target the 3 0 -UTR sequences of OLIG1, SOX10, and MBP (Fig. 5d) . Nevertheless, our findings reveal that mir-212 was invovled in suppressing the expression of these OLG-associated molecules.
Mir-212 mediates the conversion of OLG morphology
We further examine if mir-212 has the regulatory role in OLG differentiation. The control GPCs were treated with antagomir-212 in DM for 4 days (Fig. 5a) , and then subjected to CNPase immunofluorescent staining (Fig. 6a) . The results showed that treatment with antagomir-212 increased the total process length of CNPase + -OLGs derived from control GPCs (Fig. 6a) . In contrast, when mir-212 GPCs were cultured in DM for 4 days, their CNPase + -OLGs extended less complex processes compared to those shown in the control cultures (Fig. 6a) . Moreover, the cell body size and total process length of CNPase + -OLGs from mir-212 GPCs were significantly reduced compared to those from the control GPCs (one way ANOVA: cell body size, F = 7.71, p = 0.007; total process length, F = 31.18, p < 0.001). Additionally, CNPase + -OLGs derived from mir-212 GPCs had fewer extending processes and less branching than OLGs observed in the control cultures (one-way ANOVA: cell process number, F = 5.74, p = 0.018; cell branching number, F = 12.81, p = 0.001). Yet, we noticed the fact that the number of CNPase + -OLGs was neither changed by treatment with antagomir-212 nor mir-212 over-expression (data not shown). Thus, our results demonstrate that the function of mir-212 is on the regulation of OLG morphological alteration.
Mir-212 suppresses OLG maturation
The maturation of OLGs that differentiated from control GPCs in the absence or presence of antagomir-212 was further assessed by the examination of mature OLG markers, GC and MBP. The cell shape of GC + -or MBP + -OLGs was larger when the cells were treated antagomir-212 in DM for 4 days. Moreover, the quantification of MBP immunoreactivity per OLGs indicated that the addition of antagomir-212 did increase MBP intensity in OLGs (Fig. 6b) , although it did not change the number of MBP + -OLGs. Yet, GC and MBP expression in OLGs derived from mir-212 GPCs was substantially decreased compare to the control culture (Fig. 6b) . Furthermore, GC + -or MBP + -OLGs derived from mir-212 GPCs demonstrated smaller outgrowths and less arborized processes when compared to OLGs in the control culture (Fig. 6b) . The number of MBP + -OLGs from mir-212
GPCs was also decreased. The immunoreactive intensity of MBP in OLGs derived from mir-212 GPCs was much lower than that found in the control culture (one-way ANOVA: number of MBP + cells, F = 8.29, p = 0.005; MBP intensity, F = 18.06, p < 0.001). Similar to the findings as stated in Fig. 5b , the results from western blot analysis indicated that the production of CNPase, MBP, and PLP proteins was reduced when mir-212 GPCs were maintained in DM for 4 days (Fig. 6c) . Notably, MBP and PLP proteins were undetectable when the cultures were maintained in GM. Furthermore, OPCs from E14.5 rat brain were prepared to validate our observations as shown above. Again, mir-212 did not affect the capability of OPCs to differentiate into Fig. 5a , glial progenitor cells (GPCs) infected with lenti-ctrl (Ctrl) containing red fluorescent protein (RFP) reporter gene were treated by the presence of antagomir-ctrl or antagomir-212 in OLG differentiation medium (DM) for 4 days. Moreover, GPCs transduced by lenti-mir-212 (mir-212) containing RFP reporter gene were also maintained in DM for 4 days in the presence of antagomir-ctrl. The cultures were subjected to immunofluorescence for CNPase (green), followed by DAPI nuclear counterstaining (blue). The differentiation and maturation of OLGs derived from the three groups were evaluated by following indexes: cell body size, total length of OLG processes per cell, total number of OLG processes per cell, and branching number per cell process. (b) After 4 day in DM, the three cultures (control, antagomir-212, and mir-212) as described in A were subjected to immunofluorescence (green) using anti-GalC (GC) or anti-myelin basic protein (MBP) (MBP) antibodies, and DAPI nuclear counter-staining (blue). The number of MBP + -OLGs and MBP intensity per cell were measured as described in Materials and methods. (c) GPCs that were infected with lenti-ctrl (Ctrl) or lenti-mir-212 (mir-212) were cultured in growth medium (GM) for 2 days or DM for 4 days, and then subjected to western blot analysis for the measurement of CNPase, MBP, and proteolipid protein (PLP). The level of GAPDH is referred as a loading control. (d) Oligodendrocyte progenitor cells (OPCs) were generated from E14.5 rat brain and then cultured in DM for 5 days. OLGs that were derived from OPCs infected with lenti-ctrl (Ctrl) or lenti-mir-212 (mir-212) containing RFP reporter were identified by anti-CNPase, anti-GC, or anti-MBP antibodies. DAPI nuclear counter-staining (blue) was also conducted. Arrows indicate the extending processes of OLGs. Scale bar, 50 lm. OLGs, since the comparable amount of CNPase + -OLGs was generated in the cultures of OPCs infected by lenti-ctrl (control OPCs) or OPCs transduced by lenti-mir-212 (mir-212 OPCs) (data not shown). Yet, CNPase + -OLGs that were generated in DM for 5 days from mir-212 OPCs showed less extending processes (Fig. 6d, arrowheads) , whereas CNPase + -OLGs from control OPCs had highly extended branching processes (Fig. 6d, arrows) . In addition, GC puncta were visible in OLGs in the control culture (Fig. 6d,  arrows) , but rarely found in OLGs derived from mir-212 OPCs (Fig. 6d, arrowheads) . Moreover, MBP + -OLGs generated from control OPCs, but not from mir-212 OPCs, displayed the extending and branching processes (Fig. 6d,  arrows) .
In short, the results shown in Fig. 6 demonstrate that mir-212 may mediate the maturation of OLGs via the alteration of OLG process extension. However, mir-212 is sufficient, but not plays essential inhibitor for the suppression of OLGs differentiation from GPCs or OPCs.
Inhibition of OLG cell extension to surround neurons by mir-212 Through MBP and NF200 double immunostaining in an in vitro co-culture system using hippocampal neurons and OLGs, we observed that MBP + -OLGs generated by control GPCs or mir-212 GPCs can associate with NF200 + -hippocampal neuronal fibers (Fig. 7a and b, arrows) . Yet, the low intensity of MBP along the NF-200 + -fibers was detected in the co-culture of hippocampal neurons with mir-212 GPCs (Fig. 7c) . In addition, two-dimensional confocal images with xz and yz planes showed the overlapping of MBP immunoreactivity with NF200 + -neuronal fiber in the control co-culture (Fig. 7d, arrows) . However, in the coculture of hippocampal neurons with mir-212 GPCs, MBP immunoreactivity was not co-localized to NF200 + -neuronal fiber (Fig. 7d, arrowheads) .
Alternatively, the experiments using the co-culture of control GPCs or mir-212 GPCs with ex vivo postnatal cerebellar slice, showed that strong overlapping of MBP + cell processes with NF200 + -neuronal fibers was observed in the control co-culture (Fig. 7e, arrows) , but not in the culture of neurons with mir-212 GPCs. Moreover, the results from the in vivo experiments via the implantation of RFP + -control GPCs or RFP + -mir-212 GPCs into the white matter of adult spinal cord revealed that robust immunoreactivity for MBP and PLP was observed in RFP + -control cells (Fig. S3,  arrows) , whereas RFP + cells with MBP and PLP immunostaining in the region receiving the implantation of mir-212 GPCs displayed less extending shapes (Fig. S3, arrowheads) . These ex vivo and in vivo observations further demonstrate that OLG maturation can suppressed by mir-212-mediated down-regulation of MBP expression, which might further reduce the extending processes of OLGs to surround neuronal fibers.
Discussion
Despite that mir-212 in the positive control of neuronal development and function has been reported, this study is the first description of mir-212 function in the repression of OLG maturation. The findings from the in vivo experiments indicate that mir-212 is not only expressed in neurons, but also in glial progenitors and OLGs in the adult CNS. Furthermore, we show that mir-212 in the spinal cord was down-regulated by a contusive injury onto the spinal cord, and the decreased expression of mir-212 was also observed in OLGs in the injured spinal cord. We also provide evidence to show mir-212 effect on the down-regulation of a group of OLG differentiation and maturation-associated genes (OLIG1, OLIG2, SOX10, MBP, and PLP). Through a series of immunostaining for OLG maturation markers (GC, CNPase, and MBP), we demonstrate that the declined expression of mir-212 can promote the process extension of OLGs, but mir-212 up-regulation suppresses the maturation of OLGs. Finally, the findings from this study allow us to understand the potential function of mir-212 in the inhibition of OLG maturation.
Declined expression of mir-212 in the brain has been reported in several neurological disorders, such as Parkinson's disease model, emotional disorders, and Alzheimer's disease (Gillardon et al. 2008; Kim et al. 2010; Wang et al. 2011b) . Here, we present the evidence that the level of mir-212 was reduced at the lesion center of the injured spinal cord tissues at the subacute SCI phase. This reduction could be a result of the loss of neural cells induced by SCI. In addition, mir-212/132 transcription in neurons is regulated by neuronal signaling and BDNFinduced CREB-dependent signaling (Vo et al. 2005; Remenyi et al. 2010; Wanet et al. 2012) . Thus, the deregulated expression of mir-212 in the injured spinal cord adjacent to the lesion center might be because of inefficient neuronal stimulation that was because of SCIinduced neuronal disconnection. Yet, based on our findings that mir-212 expression in OLGs observed in the white matter of the injured spinal cord was lower than that in OLGs found in sham-operated spinal cord, the decline in mir-212 expression at the lesion site can be also partly attributed to the down-regulation of mir-212 in OLGs after SCI. The results show here that the expression of mir-212 in OLGs was significantly inhibited by IFN-c, but not by TNF-a/IL-1b or inflammgen LPS. Given the fact that IFN-c expression was significantly up-regulated after SCI, we suggest that the down-regulation of mir-212 expression in OLGs might be in part because of the action of SCIinduced inflammatory molecules (such as IFN-c).
Spontaneous remyelination is able to occur weeks after SCI (Kakulas 1999; Smith and Jeffery 2006) , and persists for at least 3 months (Hesp et al. 2015) . It has been documented that remyelination affects at least 53% of spared rubrospinal tracts after SCI (Powers et al. 2012 ). We present evidence that OLGs with an elongated process in the white matter of the injured spinal cord expressed a low level of mir-212 compared to that observed in OLGs in the sham-operated spinal cord. In contrast, OLGs generated from mir-212 GPCs implanted into the white matter of adult spinal cord produced less MBP and PLP (Fig. S3) . These findings raise the possibility that the declined expression of mir-212 in OLGs after SCI might thus facilitate myelin regeneration in the injured spinal cord. NG2 + -progenitors are considered to be restricted OPCs that give rise to astrocytes and OLGs in the injured spinal cord after SCI (Levine and Reynolds 1999; Sellers et al. 2009 ). As such, we cannot exclude the probability that OLGs observed in the injured spinal cord might be generated from endogenous OPCs, since no effect of mir-212 on the differentiation of GPCs/OPCs into OLGs was noticed. Altogether, the reduced expression of mir-212 in OLGs after SCI might contribute to the myelinating ability of survival OLGs or the generation of myelinating OLGs from endogenous OPCs in the spinal cord.
GPCs and OPCs can be stimulated by different environmental factors to generate OLGs and astrocytes. For instance, the majority of GPCs/OPCs can differentiate into astrocytes under the stimulation of serum (Wang et al. 2015) . Through the use of this culture model combined with the lentivirusmediated system of mir-212 over-expression, we are able to characterize the function of mir-212 in the maturation of OLGs. The findings show that 20% of astrocytes in the CNS Fig. 7 Examination of myelin basic protein (MBP) expression in mir-212 oligodendrocytes (OLGs) co-cultured with hippocampal neuron or with cerebellar slice. (a). Hippocampal neurons were co-cultured for 7 days with glial progenitor cells (GPCs) infected by lenti-ctrl (Ctrl) or lenti-mir-212 (mir-212). The cultures were subjected to double immunofluorescence using anti-NF200 (green) and anti-MBP (red) antibodies followed by DAPI nuclear counter-staining (blue). (b) The high magnification photos are the immunofluorescent images of the representative regions indicated by arrows in A. (c) The intensity of MBP immunostaining over the hippocampal axons (arrows) was quantified. (d) After double immunostaining for MBP (red) and NF200 (green) and DAPI nuclear counter-staining (blue), the cultures were subjected to confocal imaging analysis. A higher magnification of the boxed regions in the top panels is shown in the bottom panels. The longitudinal yz and transverse xz views of the same z-stack show the overlapping regions (yellow) of MBP and NF200 immunofluorescence staining (arrows). Non-overlapping regions are indicated by arrowheads. (e) GPCs infected by lenti-ctrl (Ctrl) or lentimir-212 (mir-212) were seeded onto rat cerebellar slice culture for 7 days, and then the cultures were subjected to double immunostaining for MBP (red) and NF200 (green). Data are presented as means AE SEM of at least three independent experiments. *p < 0.05, versus Ctrl (c and e). Scale bar, 50 lm.
expressed mir-212 at the detected level. Therefore, we also evaluated the possibility if mir-212 over-expression in GPCs can affect the differentiation of GPCs into astrocytes under the stimulation of serum. We found that mir-212 overexpression did not cause the alteration of astrocytic cell shape, cell body, and total process length (Fig. S4) . The results thus demonstrate that mir-212 is not required for astrocytic differentiation from GPCs. On the other hand, although mir-212 is thought to play a role in neuron differentiation, the inhibitory action of mir-212 on the differentiation of OLGs suggests that mir-212 expression in GPCs/OPCs must be reduced to generate mature OLGs during CNS development.
We show that PLP1 is the direct target genes of mir-212 on the basis of the results from 3 0 UTR luciferase analysis, whereas OLIG1, OLIG2, SOX10, and MBP are not the direct target molecules of mir-212. Moreover, our results that the inhibition of mir-212 expression by antagomir-212 can induce the expression of OLIG1, SOX10, MBP and PLP1 to an increased trend points to the negative regulation of mir-212 on these gene expression. On the other hand, the inhibitor of DNA binding-2 (ID2) was identified as another potential target molecule of mir-212 (Fig. S5) . We also found that the gene and protein expression of ID2 in GPCs and OLGs with mir-212 overexpression was lower than that in the control groups (Fig. S5) . Given the fact that ID2 has been reported to act as a negative transcription factor for terminal differentiation of OLGs via the sequestration of OLIG proteins (Wang et al. 2001; Chen et al. 2012; Havrda et al. 2014) , ID2 as mir-212 target molecule is a puzzle to the effect of mir-212 on the inhibition of OLG maturation. Nevertheless, the findings that OLIG1, OLIG2, SOX10, MBP, and PLP declined in OLGs with mir-212 overexpression reflect the observations showing the suppression of OLG maturation after mir-212 over-expression.
In summary, we demonstrate herein that an increase in mir-212 expression could defer the maturation of OLGs, which can reduce the interaction of differentiated OLGs with neurons. Although mir-212 is not essential for the regulation of OLG differentiation from GPCs or OPCs, our results provide insights into the role of deregulated mir-212 expression in the modulation of OLG maturation in the injured CNS. All experiments were conducted in compliance with the ARRIVE guidelines.
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